Abstract: Coriandrum sativum seeds (CSS) were investigated as a new eco-friendly and economic biosorbent for the removal of methylene blue (MB) dye from synthetic solutions. First, the spectroscopic analyses were effectuated using FTIR and SEM to confirm the possibility of CSS to remove MB dye from aqueous solutions. The study of the influence of different parameters, such as contact time, CSS mass, solution pH, MB concentration, and temperature was realized and proved the rapid and efficient power adopted by CSS as a removal of the studied dye. Also, the regeneration study was effectuated for four cycles with excellent adsorption rates. The modeling studies revealed that the studied process obeys the pseudo-second-order model and Langmuir isotherm model. The adsorption amount was found to be 107.53 mg/g. Finally, the determination of thermodynamic parameters indicated the exothermic and spontaneous type of the removal process of MB onto CSS.
Introduction
Last decades, industries have produced various kinds of toxic pollutants such as dyes, heavy metals, and pesticides, which cause serious and dangerous health problems to living species, even to human health 1 . In consequence, different national and international agencies have created strict regulations on the manufacture and use of synthetic colorants in several domains such as textile, paper, paints, and plastics. Pigment and dye industries have given importance to develop novel technologies to analyze and remediate dyes in wastewater. Therefore, big efforts must be done in order to provide an organized and comprehensive treatment of the environmental chemistry of synthetic colorants 2 .
In the area of wastewater treatment, several techniques have been investigated to combat pollution issues, especially dyes removal from wastewaters including ion exchange, precipitation, ultrafiltration, reverse osmosis and electrodialysis. However, adsorption is preferred for dyes removal due to easy handling, low cost strategy and removal performance [3] [4] [5] [6] .
In fact, the exploration of natural adsorbents which can eliminate dyes from aqueous solutions is an essential field of research due to being environmentally friendly and ecologically acceptable. Many natural substances have been used in this context, such as macroalgae 7 , biochars 8 , rice straw 9 , Cucumis Sativus 10 , carica papaya 11 , fly ach 12 , and cactus 13 .
Coriander (coriandrum sativum) is a popular spice 14 and a major ingredient of curry powder, an effective antioxidant 15 and a drug for rheumatism, against worms, and indigestion 16 . Coriander seeds have also many properties as antimicrobial activity 17 , insecticidal effect, hypolipidemic activity 18 , hypoglycemic action 19 , corrosion inhibition 20 , and adsorption of heavy metals 21 .
The purpose of the present study is to investigate the effect of coriandrum sativum seeds (CSS), after its characterization 22 , as a removal of methylene blue (MB) from contaminated solutions since its adsorption potential hasn't been previously reported. The study of the effect of several parameters has been effectuated. The adsorption isotherms and thermodynamic studies have been also established and discussed. The characterization of CSS using FTIR and SEM techniques has been realized to confirm all previous studies.
Material and Methods

Preparation of adsorbent
The coriander seeds (Coriandrum Sativum) were collected from the west of Morocco (Kenitra), washed with double distilled water to remove impurities such as sand and dust, dried in air at 50 °C for 24 hours, ground using mortar, and then sieved, until the grainsize of particles was lower than 250 µm. The obtained powder was washed with double distilled water and filtrated consecutive times in order to acquire a clean powder. The resulted material was stored in a desiccator to prevent it from humidity 21, 22 .
Preparation of aqueous solution
Synthetic solutions were prepared from methylene blue powder (purchased from Sigma Aldrich). The stock solution (1g / L) was then used to obtain the working solutions through dilution with double distilled water. Fresh dilutions were made and used for each experiment. 10 -1 mol /L HCl or NaOH solutions were used to control the solution pH of aqueous solutions.
Structure and chemical properties characterizing the studied methylene blue were illustrated in (Table.1 
Adsorption experiments
The extraction experiments were realized through the batch method, CSS dose was added to 100 mL of aqueous solution with known MB concentration, in several 200 mL conical flasks. Each flask was intermittently stirred for an adequate period of time, depending on the experiment purpose. All experiments were studied at room temperature (25°C) 23 . After adsorption experiments, samples were placed in a laboratory centrifuge (Hettich Zentifugen, EBA 200) with a rotation speed 5000 for 5 min in order to separate the adsorbent from MB solution, and then were analyzed using a UV-Visible spectrophotometer (Selecta P, Model UV-2005) at 664.5 nm.
Data evaluation
The adsorption process of MB by CSS was evaluated by calculating the removal rate and the amount of adsorption respectively using (Eq.1 and 2) from experimental results 24 :
Where C0 is the initial concentration of MB in the solution (ppm), Ce is the equilibrium concentration of MB in the solution (ppm), V is the aqueous solution volume (L), and m is the mass of coriander seeds (g). All the data represent the average values of three repeated measurements.
Results and discussion
Characterization of the adsorbent Fourier Transformed Infrared analysis (FTIR)
To study the possible nature of CSS-MB interactions, and determine the various functional groups contributing in this interaction, FTIR analysis of CSS and CSS-MB was realized using a Perkin Elmer Spectrum apparatus version 10.03.07 ATR with the spectral resolution 4.0 cm -1 . Both of the corresponding FTIR spectra were shown in (Fig. 1) 
Scanning Electron Microscopy analysis
The surface analysis has been effectuated using a Scanning Electron Microscope (SEM) model VEGA3 TESCAN. The obtained SEM micrographs of Coriandrum Sativum seeds before and after MB removal process have been illustrated in (Fig. 2) , respectively. In fact, before adsorption experiments, CSS had a rough surface containing numerous cavities (Fig. 2a) . However, these cavities were filled with MB dye in (Fig. 2b) . It can be deduced that CSS can act as an excellent adsorbent of methylene blue 25 .
Figure 2. SEM micrographs of CSS before (a) and after (b) adsorption of MB
Effect of contact time
The influence of contact time on MB adsorption by coriander seeds, at room temperature (25 °C), constant adsorbent mass 0.1 g, solution pH of 5.5 and initial MB concentration 10 ppm, is illustrated in (Fig. 3) . The experimental data indicate that the adsorption efficiency of the studied dye onto coriander seeds increases with the increase of contact time (ranging from 10 to 240 minutes), and reaches the maximum value 91.25 % after 25 min. These results can be attributed to the accessibility of vacant sites mentioned in FTIR analysis on the adsorbent surface from the beginning of the experiment to the equilibrium time when these sites have been occupied by MB 10 . 
Effect of adsorbent mass
The effect of adsorbent mass on the MB adsorption was tested through different quantities of coriander seeds and maintaining constant all other experimental parameters. The acquired results are presented in (Fig. 4) . The experimental results showed that the removal rates increase with the increase of adsorbent mass. This rise of CSS weight from 0.02 to 1.0 g displayed an important improvement of adsorption efficiency from approximately 68.56 to 98.11 % owing to the more availability of the surface area 11 . The increase of the CSS dose over 0.2 g did not display an additional increase in the adsorption efficiency, probably due to the adsorption saturation. Therefore, for economic considerations, the optimum adsorbent weight was selected as 0.1 g.
Figure 4. Effect of adsorbent mass on the adsorption rate
Effect of solution pH
The effect of the solution pH on the adsorption efficiency of MB dye by Coriander seeds was studied in the pH interval between 2 and 12 ( Fig. 5) , at a constant MB concentration 10 ppm, contact time (2h) with 0.1 g of CSS and room temperature of 25 °C. The point of zero charge, pHpzc of adsorbent was determined. In brief, 100 ml of 0.01 M NaCl solutions were placed in various Erlenmeyer flasks. Their pH was adjusted to different values between 2 to 12 by the addition of 0.1 M HCl or NaOH solutions.0.1 g of adsorbent powder was added into each solution and the final pH of these solutions was recorded after 48 hours of agitation. The pHpzc is the point where the curve pHfinal verses pHinitial intersects the straight line corresponding to:
The point of zero charge value corresponding to CSS was determined from (Fig. 5 ) and found to be 6.23. The removal percentages increase when the initial solution pH increases from 2 to 12. In acidic medium (pH = 2.0), where pH is lower than pHpzc, 
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Lamya Kadiri et al. 208 CSS active sites were positively charged because of the highest number of protons existing in the aqueous solution and then the removal percentage is very low 8.51%. However, the increase in pH correlates with an increase of MB removal efficiency until a pH of 5.
After that point, the pH value become higher than pHpzc one and the CSS functional groups in the surface were charged negatively, also the adsorption efficiency remains constant approximately at 93 % in spite of the pH increase 26, 27 .
Figure 5. Effect of medium pH on the adsorption rate of copper by CSS
Effect of initial MB concentration
The effect of initial MB dye concentrations on the adsorption performances adopted by coriander seeds CSS, under optimum experimental conditions (0.5 g of adsorbent; initial solution pH of 5.5 and 2 hours of contact time) is illustrated in (Fig. 6) . The study is carried out at several concentrations ranging from 10 to 300 ppm. It can be seen that the adsorption amount of MB by coriander seeds increases with the increase of initial MB concentration from 9.12 to 101.3 mg/g. This significant increase of the adsorption efficiency values is expected because high initial MB concentrations correlate with a higher driving force of concentration gradient and a higher probability of collisions between MB cationic molecules and superficial functional groups negatively charged of the adsorbent 28 . Figure 6 . Effect of initial concentration of MB on the amount of adsorption
Effect of temperature
The effect of temperature on MB adsorption amount by CSS was also studied. Four different temperatures of 298, 308, 318 and 328 K were considered. From (Fig. 7) , the obtained removal rate of MB by coriander seeds decreases from 91.03 % to 77.01 %, when the temperature changes from 25 to 55 ° C, respectively. These results indicate that the dye adsorption process may be exothermic and can be described out by the fact that the rise in temperature may not be in favor of any agglomeration of MB on the solid surface 29 .
Figure 7. Effect of temperature on the adsorption of MB by CSS
Desorption study and regeneration study Concerning desorption experiments, the adsorbent sample resulted through the study of the effect of contact time was separated by filtration. The adsorbent samples loaded with MB dye were treated with 25 mL of 0.1M HCl, CH3COOH, NaOH, and NaCl solutions, and then intermittently stirred for 10 min. A sample was recuperated after each minute. After filtration, the equilibrium desorption rate of MB dye was determined for each reagent and represented in (Fig. 8) . Recyclability of an adsorbent is very important in industrial practice for pollutants removal from wastewaters. To test the suitability and stability of the adsorbent, it was necessary to successive adsorption and desorption cycles Desorbing reagent been represented in (Fig. 9 ) and have clearly shown that CSS can be used repeatedly four times without significantly losing the adsorption efficiency for MB.
The regeneration efficiency indicates that the sorbent is suitable for commercial use 31 . Figure 9 . Four (Adsorption / desorption) cycles using 0.1M HCl
Adsorption kinetics
The experimental data of MB adsorption on CSS were investigated using Lagergren pseudo first order and pseudo second-order models.  Lagergren pseudo-first-order:
The experimental measurements were analyzed using linear form of Lagergren pseudo-first order (Eq. 
(3)
Qe is the equilibrium amount of adsorption (mg/g), Qt is the amount of adsorption of CSS at time t (mg/g) and K1 is the rate constant (min -1 ).
The pseudo-first-order model corresponding to the adsorption of MB on CSS is shown in (Fig. 10) . The pseudo-second-order kinetic model is expressed in the linear form as the following (Eq. 4) 32 :
Qe is the equilibrium amount of MB adsorption (mg/g), Qt is the amount of adsorption of CSS at time t (mg/g) and K2 is the rate constant (g.mg -1
.min -1 ). The pseudo-second-order model is shown in (Fig. 11) . . It was clear that the rate constant of the pseudo-second-order model decrease gradually with the increase of MB concentration. All results can be due to competition between higher levels of MB and CSS active sites. In fact, k2 values suggest that adsorption systems with low concentrations have required a short time to achieve a specific fractional uptake. To sum up, the adsorption process may be a chemisorption type involving valent forces through sharing or the exchange of electrons between the peat and divalent metal ions 34 .
Adsorption isotherms
The isotherms models are applied for analyzing adsorption equilibrium results through experiments and studying the surface properties of the adsorbent and its affinity for an adsorbate.
 Langmuir model
The model supposes that maximum adsorption occurs when a saturated monolayer of molecules from aqueous solution is present on the adsorbent surface and the energy of adsorption is constant and there is no migration of absorbate molecules in the surface plane 35 . The linear form is expressed by (Eq. 5):
Ce is the concentration value of MB at equilibrium, Qe is the amount of adsorption (mg/g) at equilibrium, Qm is the maximum amount of adsorption (mg/g) and KL is the Langmuir constant which related with the affinity of the binding sites (L/g). The fitting line which represents the Langmuir isotherm model is shown in (Fig. 12) . The important characteristic of this model dimensionless constant separation factor RL can be calculated through (Eq. 6):
Where Co is the highest concentration of the adsorbate (mg/L), and KL (L/mg) is Langmuir constant. The value of RL indicates the shape of the isotherm to be either unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0) 36 .
 Freundlich
The Freundlich equation at the linear form that is often applied to adsorption on heterogeneous surfaces as well as multilayer adsorption is given by (Eq. 7) 37 : log( ) = log( ) + 1 log( )
Qe is the amount of adsorption (mg/g) at equilibrium, KF is the Freundlich constant (L/g), and Ce is the concentration value of MB at equilibrium. The magnitude of the exponent, 1/n, proves the favorability of adsorption, n>1 signifies favorable adsorption condition. KF and n values are obtained through the intercept and slope of the Freundlich plot represented in (Fig. 13 ) and listed in Table 3 . The Dubinin Radushkevich isotherm has generally been applied in the linear form as following (Eq. 8) 38 : Where Qe is the amount of adsorption (mg/g) at equilibrium, Qm is the maximum amount of adsorption (mg/g), R the gas constant (8.314 J/mol.K) and T the absolute temperature (K). Therefore, by plotting ln Qe versus ln (1 + 1 ) in (Fig. 14) , the constant B consequently can be determined and then listed in (Table 3 ). (Table 3) , the biosorption obeys Langmuir model which assumes monolayer coverage of MB dye over the homogeneous surface of CSS 39 , and the adsorption of each molecule onto the surface has the same adsorption activation energy. Thermodynamic studies Thermodynamic study is necessary for an adsorption process to describe the process (type, spontaneity…). All corresponding parameters as free energy (ΔG 0 ), enthalpy (ΔH 0 ), and entropy (ΔS 0 ) changes can be estimated using equilibrium constants changing as a function of temperature 40 . ΔG 0 is the standard free energy change (J) is calculated by (Eq. 9) 41, 42 :
R is the universal gas constant (8.314 J/mol K) and T is the room temperature (298 K) and KD is the thermodynamic equilibrium constant (L/g) that can be expressed as (Eq. The Van'tHoff plot which corresponds to the adsorption process of MB by CSS was illustrated in (Fig. 15) .
by CSS Van'tHoff curve corresponding to the adsorption of MB Figure 15 .
The thermodynamic parameters were listed in (Table 4 ). The ΔH° value has confirmed the exothermic type process 43 . Also, ΔG° and ΔS° values have proved the stability, feasibility, and randomness of the adsorption process. In fact, these values imply that the retention process of MB dye by CSS is a combination of two mechanisms: ions exchange and adsorption. Comparison with other adsorbents (Table 5 ) has shown various adsorbents that have been studied previously for the removal of methylene blue. It is found that the adsorption amount of Coriander seeds is among the highest capacities of natural adsorbents. All results are encouraging for testing CSS as a low-cost removal of methylene blue dye from industrial wastewaters. 
Conclusion
Coriandrum Sativum seeds were found to be an excellent removal of methylene blue dye from parameters, which influence the adsorption process, have been studied such as adsorbent mass, pH, initial MB concentration and temperature. The kinetic measurements showed that the mechanism follows the pseudo-second-order model. The adsorption process was described by the studied kinetic isotherms models (Langmuir, Freundlich, and Temkin). The ΔS•, ΔH• and ΔG• values obtained through the thermodynamic study indicate the exothermic, the stable and spontaneous nature of the adsorption process on the surface of CSS. The study revealed that this new adsorbent is inexpensive, indigenous, easily available material and can have an application for the removal of MB dye contained in industrial effluents.
